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ABSTRACT: Combinatorial methods involving data collection in multiparameter space allow a rapid
identification of measured property trends as a function of system parameters. The technique has been
applied with success to pharmaceutical, inorganic and organic materials synthesis, but not significantly
to measurements of polymeric films and coatings. We demonstrate the use of 2-D combinatorial libraries
to investigate thin-film dewetting. We have prepared libraries of thin films of polystyrene on silicon
substrates containing orthogonal, continuous variations of thickness (h), and temperature (T) that
represent about 1200 practical state points per library. The libraries were screened for dewetting behavior
using automated optical microscopy. Dewetting trends were visibly apparent on the libraries, and a
comprehensive map of the T, h, and time (t) dependence was generated in a few hours. The combinatorial
libraries, spanning a large T, h, and t range, not only reproduced known dewetting structures and
phenomena but also enabled a novel T, h superposition of the heterogeneous nucleated hole dewetting
kinetics. We observed three hole nucleation regimes as a function of thickness: heterogeneously nucleated
holes (h > 55 nm), a crossover regime where both heterogeneous and capillary instability nucleation
compete (33 nm < h < 55 nm), and a regime of holes nucleated by capillary instability (16 nm < h < 33
nm).

Introduction

Combinatorial and high-throughput characterization
methods have changed the paradigm of pharmaceutical
research and are likely to have a similar impact on
materials science.1-3 Already there are examples of
combinatorial methods for inorganic4-11 and organic12-17

materials synthesis. In the midst of the excitement to
“make things” with high-throughput synthesis methods,
another opportunity arises to make measurements and
“understand things” with combinatorial methods. Rapid
and systematic generation of experimental data in
multiparameter space using combinatorial methods can
facilitate the observation of novel phenomena and the
development of predictive models. Combinatorial meth-
ods also can be used as a primary screen of parameter
space to identify regimes of interest for traditional one-
sample-for-one-measurement investigations.

This paper reports the use of two-dimensional com-
binatorial libraries to characterize materials properties
of polymeric thin films. In a recent paper, we reported
combinatorial methods for mapping thin film polymer
blend phase behavior.18 We applied standard concepts
of combinatorial methods: library creation, high-
throughput assays, and informatics to investigate phase
separation. In this work we extend the methodology to
the physics of polymer thin film dewetting behavior.
Dewetting represents an ideal phenomenon for combi-
natorial analysis because a number of parameters
interact to create complex thermodynamic and kinetic
behavior. In addition, polymer thin-film dewetting is
fundamental to technologies including microelectronics,
lubricants, adhesives, and coatings. The critical vari-
ables that determine film stability and dewetting kinet-
ics are thickness (h), molecular mass (Mr), surface
chemistry, and temperature (T).19-21 The breadth of
parameter space and the complex interactions among

these variables present a significant challenge to con-
ventional experimental methodologies, so that previous
studies usually varied only single parameters (e.g, h,
Mr). In particular, systematic studies of the effect of T
on dewetting kinetics have not been reported.

Unfortunately, many of the vapor phase and high-
temperature techniques (e.g., sputtering) used to deposit
libraries of inorganic materials are not applicable to
polymers. In the Experimental Methodology we present
novel methods for creating continuous and orthogonal
gradients in T and h for polymer thin films. Automated
optical microscopy is used for high-throughput screening
of the T, h libraries to identify wetted versus dewetted
regions and to measure the T and h dependence of
dewetted structure type, size, density, and evolution
rate. We demonstrate that combinatorial libraries re-
produce dewetted structures observed in previous non-
combinatorial studies.20,22-24 We then present several
novel observations of the temperature dependence of
dewetting kinetics and thickness dependence of nucle-
ation, made possible by screening a large variable space
with combinatorial methods.

Experimental Methodology

Library Creation. Figure 1 gives a schematic de-
scription of the application of the combinatorial method
to thin-film dewetting. We prepared film libraries in
which temperature (T) and thickness (h) were varied
systematically over the substrate, sampling multiple
processing conditions and film properties simulta-
neously. Thickness gradients were prepared on “piranha-
etched”25,26 silicon wafers (Polishing Corporation of
America)27 with a velocity-gradient, knife-edge coating
apparatus. A drop of polymer solution was spread over
the substrate under an angled steel blade (5° relative
to substrate) at constant acceleration by using a feedback-
controlled translation stage (Compumotor). The solvent
dried within seconds of spreading and resulted in a
polymer film with a gradient in thickness. Solutions
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with mass fractions between 2% and 5% polystyrene
(Goodyear, Mr ) 1900, Mr/Mn ) 1.19, where Mr and Mn
are the mass- and number-average relative molecular
masses) in toluene were used to prepare (25 × 35) mm2

library samples with the thickness gradient in the short
direction.

Thicknesses were measured using a UV-vis reflec-
tance interferometer with a 0.5 mm diameter spot size
(Filmetrics F20). Over the range 10-100 nm, reflectance
measurements agreed with AFM control measurements
to within 4%. Figure 2a presents representative thick-
ness-gradient profiles and indicates how the range and
shape of the profile are affected by solution composition.
The initial and final thickness and the slope of the
gradient can also be controlled by adjusting the blade-
substrate gap width, substrate velocity, and accelera-
tion. The gradients generally have power law or poly-
nomial dependence on position, x (mm), on the wafer,
depending on the flow conditions. Modeling the gradient
profile shape as a function of flow parameters is beyond
the scope of this paper; however, the frictional drag of
the solution against the blade increases with velocity
and limits the amount of solution that can pass through
the gap and form the final film.28 The velocity depen-
dence of the blade-substrate drag, as well as the
solution surface tension, determines the shape of the
film thickness gradient.

Experiments were repeated and confirmed with eight
combinatorial libraries. We present detailed representa-
tive results from two libraries covering distinct but
overlapping thickness regimes. For detailed results
presented here, library A ranges in thickness from 16

to 33 nm according to h ) 16.0 + 2.15x - 0.125x2 +
0.00298x3 (0 < x < 20) mm, and library B extends the
thickness range from 33 to 90 nm with h ) 33.1x0.30 (1
< x < 28) mm. The standard deviation in measured h
values relative to these fitted curves was (1.5 nm.

To initiate the dewetting, the thin film was exposed
to a continuous temperature gradient, orthogonal to the
thickness gradient, by placing the wafer with the
thickness gradient film on an aluminum heating stage
(Figure 1). This T-gradient stage employs a heat source
and a heat sink that results in a linear gradient ranging
between adjustable end-point temperatures. The end-
point temperatures used for this study were 135.0 ( 0.5
to 75.0 ( 0.1 °C over 40 mm, yielding a gradient of
2 °C/mm. Surface temperature measurements verified
the linearity of the T-gradient. The T-gradient stage is
sealed with an O-ring surrounding the sample wafer
and glass plate over it to maintain a vacuum of 1 bar.
This precaution minimizes sample oxidation and con-
vective heat transfer from the substrate surface. Taking
∆T ) 0.5 °C and ∆h ) 3 nm as defining a practical “state
point,” each combinatorial library contained about 1200
state points in T and h. One can verify that the
relatively weak thickness and temperature gradients do
not induce appreciable flow in the polymer film over the
experimental time scale. Modeling the film with unidi-
rectional Navier-Stokes equations for flow over a flat
plate, the film is estimated to flow at a characteristic
velocity of 1 µm/h at T ) 135 °C in response to the
thickness gradient.28 This small flow is orders of mag-
nitude slower than the dewetting velocities on our
libraries (as we will demonstrate) and changes the

Figure 1. Schematic representation of the three steps involved in combinatorial measurements of polymer thin films: (1)
preparation of thickness and temperature gradient libraries, (2) automated optical microscopy, and (3) informatic data reduction.
Illustration by Jeffrey Aarons.
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initial thickness only by about 0.5 nm/h in each image
area. To check for gravitational or convection flow, we
examined four thickness-gradient libraries before and
after heating on the temperature gradient stage. Based
on T regions that did not significantly dewet within the
annealing time of 2 h, the difference of thickness
gradients before and after annealing was within the
standard uncertainty of (1.5 nm, shown in Figure 2b.

High-Throughput Screening. An automated opti-
cal microscope (Nikon Optiphot 2) was used to monitor
the evolution of dewetted microstructures on the librar-
ies. A black and white CCD camera (Kodak ES1.0)
coupled to the microscope sent 1024 × 1024 pixel, 8 bit
digitized images to a computer that also synchronized
sample stage movement over a grid of T and h condi-
tions using motorized translation stages. At the begin-
ning of each time cycle, the translation stage returned
to a home position to within (0.5 µm. In a typical
experiment, the T-h-t dependence of dewetting struc-
tures was followed by collecting a 5 by 5 array of 200×
or 500× magnification images every 5 min over a period
of 2 h, for a total of 600 images. Thus, each image
represents the dewetting at a certain point in T-h-t

space. At the completion of the experiment a 5 by 6
array of lower magnification images is collected and
used to create a mosaic image of the entire library
(Figure 3).

Because of a concern that the two-dimensional gra-
dients in thickness and temperature might distort the
evolution of dewetted structures, control experiments
were performed on one-dimensional gradient samples,
in addition to our comparison to literature results from
uniform samples. We performed spot-checks for certain
T and h values with constant thickness samples heated
on the temperature gradient stage and constant tem-
perature samples that contained thickness gradients.
The dewetted structures that occurred on one-dimen-
sional controls and two-dimensional libraries were
identical, within experimental uncertainty, for the same
wafer preparation conditions.

Informatic Analysis. For quantitative analysis of
images, we averaged the library T and h values over
an arbitrary image area and indicate these average
values as Th and hh. The library data are thus divided
into a virtual array of images that each correspond to a
particular Th , hh, and t. By using a custom batch program
(NIH Image), optical images are automatically thresh-
olded, and the dewetted area fraction, Ad, is measured
based upon the inner dewet hole area (excluding hole
rims). Using a larger image area for analysis increases
the number of structures observed at each Th , hh, and t,
which improves the statistics of hole size measurement
leading to more representative results. On the other
hand, larger images also increase the variance in Th and
hh over the image area because of the gradients. The
proper selection of image size for analysis must reflect
a balance between counting statistics and variance in
Th and hh, e.g., ∆Th and ∆hh. For library A, a 500× image
contains over 100 holes with a standard uncertainty
along each cell edge of ∆Th ) 0.4 °C and ∆hh ) 3.0 nm,
respectively. Since the structures on library B are
larger, a 200× image is used, which yields standard
uncertainties of ∆Th ) 1.0 °C and ∆hh ) 6.0 nm. Based
on these variances, libraries A and B contain ap-
proximately 2450 unique Th , hh conditions. It would take
at least several months to screen dewetting behavior
for 2450 individual conditions by traditional methods,
but with combinatorial methods these Th , hh conditions
can be screened in a few hours per library.

Results

Figure 3 presents a composite set of optical micro-
scope images of library B at t ) 2 h. (Structures on
library A are too small to be represented at the print
resolution of Figure 3, and higher magnification images
from library A are presented instead in Figure 4.) The
overall wetted and dewetted pattern features are in fact
visible as dark and bright regions, respectively, to the
unaided eye. Figure 4 shows selected regions from
wafers A and B with higher magnification optical and
atomic force microscopy (AFM, Digital Instruments
Dimension 3000). There are several distinct regions with
different dewetted structures and kinetics. For hh >
57 nm, discrete circular holes in the film nucleate and
grow at a rate dependent on Th (quantification of the rate
is given in Figure 6). In this thickness regime is a
demarcation in Th and hh space separating low T, slow-
growing isolated holes (Figure 4d) from high Th , fast
growing holes (Figure 4a) that have impinged to form
polygons. Higher magnification reveals particles in the

Figure 2. (a) Thickness gradient profiles as measured by
ellipsometry for PS mass fraction 2-5% in toluene. The
velocity-gradient flow-coating parameters were blade-sub-
strate gap ) 300 µm, maximum velocity ) 9 mm/s, and
acceleration ) 1.5 mm/s2. (b) Thickness gradient profiles before
and after annealing on the temperature gradient stage for a
film flow coated from a mass fraction 5% PS solution using
the same parameters as in (a). The temperature gradient was
135-85 °C over 30 mm. The two profiles agree well, indicating
that the film does not flow appreciably during the annealing
process. The thickness measurement after heating was based
on areas that did not significantly dewet during the annealing
time of 2 h.
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centers of many of the holes that may indicate hetero-
geneous nucleation sites for hh > 57 nm. AFM images
indicate that the unbroken film surface (Figure 5a) is
smooth for hh > 57 nm, with a root-mean-square (rms)
roughness of 1 nm and no periodic structure.

Below hh ≈ 57 nm, there is a sharp and temperature-
independent transition to a regime where irregular,
asymmetrical holes (Figure 4b) nucleate and grow more
slowly than at higher thicknesses. Figure 4e shows an
optical micrograph from a region similar to Figure 4b,
at higher magnification. The thresholded image indi-
cates two patterns: asymmetrical holes surrounded by
bicontinuous undulations in the film surface. The bi-
continuous undulations do not break the surface of the
film after 2 h. A similar structure consisting of asym-
metrical holes that break up into a bicontinuous pattern
at late stage, termed an “intermediate morphology”, has
been observed recently for 12 nm thick films of poly-
(styrene-ran-acrylonitrile).29 As measured by AFM (Fig-
ure 5b), the film surface below h ) 57 nm is roughened
with correlated surface undulations. For example, Fig-
ure 5b shows an AFM image for hh ) 36 nm with rms
roughness of 6.5 nm, compared to the 1 nm roughness
of the unbroken surface for hh > 57 nm. The 2D Fourier
transform (Figure 5b) shows a strong correlation peak,
and the undulations have an average spacing of 1/qmax
) 7 µm. The onset thickness, below which asymmetrical
holes and correlated undulations are observed (57 nm
in Figure 3), is measured to be 55 ( 4 nm from five
different combinatorial libraries. The deviation in this
onset thickness is presumed to be caused by small
differences in the silicon oxide layer introduced during
substrate cleaning.

Below hh ≈ 33 nm, another transition in structure is
apparent from higher magnification images of library
A. For these thicknesses, holes (Figure 4f) grow more
quickly than in the region 33 nm < hh < 57 nm and
impinge to form small polygons (Figure 4c) within
several minutes to about 2 h, depending on Th . By
collecting the comprehensive Th , hh, and t dependence of
dewetting, these trends in the structures are im-
mediately observed and serve as a guide for detailed
study of each regime, model selection, and quantitative
analysis.

We note that there are a few small patches on the
libraries (Figure 3) that have wetted or dewetted areas
that are discontinuous from the surrounding areas.
These spurious areas, which amount to less than 5% of
the surface area, probably represent nonequilibrium
regions or chemical heterogeneities introduced during
wafer preparation, a complication inherent to all (even
noncombinatorial) thin-film studies. The results of this
paper do not depend on these spurious regions, and they
can be excluded from the analysis that follows.

We performed a quantitative analysis of the thickness
and temperature dependence of dewetted structures on
the sample libraries as a function of thickness. Figure
6a shows the number density, Np (Nh), and circular
effective diameter, Dp (Dh), of polygons (holes) at Th )
124 °C and t ) 2 h over the entire thickness range.
Three regimes are observed: hh < 33 nm, 33 nm < hh <
57 nm, and hh > 57 nm. Linear least-squares fits to the
data for hh < 33 nm indicate that Np ∼ hh-4.3(0.3 and Dp
∼ hh-2.1(0.1. These scaling exponents were also observed
in previous work with uniform samples20,22 and are
predicted from theory21,32 for nucleation by capillary

Figure 3. Composite of optical images of library B combinatorial library of PS on silicon, t ) 2 h, 25× magnification. Boxed
regions A, B, and D identify higher magnification images given in Figure 4a,b,d. Scale bar ) 2.0 ( 0.1 mm. The thickness scale
is a power law function, reflecting the nonlinear thickness gradient deposition procedure. Images from library A are too small to
be reasonable represented at the scale used in Figure 3.
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instability. For hh > 57 nm, Np and Dp are essentially
invariant with hh, indicating randomly dispersed nucle-
ation sites. The intermediate regime, 33 nm < hh < 57
nm, shown by the shaded region in Figure 6a, indicates
a crossover for the nucleation and structure size depen-
dence on hh, an issue expanded upon in the discussion.
Based on the dewetted area versus time profiles (Figure
6b), dewetting approaches late stage within 2 h at 124
°C for hh < 33 nm and hh > 57 nm. However, it is
important to note that the regime 33 < hh < 57 nm is
not at late stage “equilibrium” after 2 h of annealing at
124 °C. The holes in this crossover or intermediate
regime grow slower (rate given in Figure 6c), and the
structures are qualitatively different (i.e., asymmetrical
holes and surface undulations) than for hh < 33 nm and

hh > 57 nm. The plateau in Dh in the shaded region of
Figure 6a is caused by the fact that the slowly growing
asymmetrical holes in the crossover regime have not yet
reached late stage. In the discussion these differences
in morphology and dewetting rate are described in terms
of heterogeneous versus capillary instability hole nucle-
ation and growth.

Systematic studies of the temperature dependence of
dewetting rates have not been reported to our knowl-
edge. However, through its effect on viscosity, T has a
strong influence on hole drainage rates. The T-gradient
libraries presented here offer a convenient means to
assay a broad range of temperatures and dewetting
rates in a single experiment. The inset to Figure 6b
shows the raw dewetted area fraction, Ad, versus t at

Figure 4. Close-up optical images of boxed regions from Figure 2, specified by [Th °C, hh nm], illustrating the variety of structures
observed on the combinatorial libraries. (A) [124, 71], polygons typical for h > 57 nm; (B) [124, 36], asymmetrical holes typical of
33 < h < 57 nm; (C) [128, 24], small polygons typical of h < 33 nm; (D) [92, 71], symmetrical holes; (E) [124, 36], high-magnification
thresholded image typical of regime 33 < h < 57 nm (as in (b)) indicating two patterns: asymmetrical holes and bicontinuous
undulations; (F) [123, 31], high-magnification image of early stage of dewetting typical of h < 33 nm. Scale bar ) 640 ( 10 µm
for (A)-(D), 55 ( 5 µm for (E), and 64 ( 2 µm for (F).
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various temperatures from library B for hh ) 79 nm.
Similar plots are obtained for each hh > 57 nm. The
entire set of Ad vs t profiles for hh > 57 nm can be fitted
with

where Ad0 and Ad∞ are the dewet fractions at t ) t0 and
t ) ∞, τ is the dewetting time constant, and t0 is a time
delay for nucleation. As shown in Figure 6b, in reduced
units of (Ad - Ad0)/(Ad∞ - Ad0) versus (t - t0)/τ, the hole
drainage profiles collapse onto the universal exponential
curve given in eq 1. Figure 6b contains Th and hh data
over a large range, 92 < Th < 135 °C and 59 < hh <
86 nm, and τ ranges from 2100 s (high temperatures)
to 113 000 s (low temperatures). This universal behav-
ior, which primarily reflects variations in the film
viscosity (established later in the Discussion section),

could be missed altogether by relying solely upon limited
numbers of samples.

Figure 6c presents the dewetting velocities versus
temperature from library B, for the early stage of hole
drainage, calculated as the slope of the linear portion
of Ad vs t, where holes are still isolated. For all
thicknesses the velocity increases linearly with Th . For
hh ) 71, 79, and 86 nm, the velocities are independent
of thickness at each temperature and have the same
temperature dependence. However, the slope of vA vs Th
is considerably smaller for thicknesses within the
intermediate crossover regime of 33 < hh < 57 nm,
compared to hh > 57 nm. For example, at hh ) 33 nm the
velocities are about an order of magnitude lower than
the dewetting velocities for hh > 57 nm. This difference
between the drainage velocities in these two thickness
regimes implies differences in hole growth mechanisms
as a function of thickness, an issue discussed below.

Discussion
Interpreting Thickness Dependence. To interpret

the dependence of hole and polygon density on thickness
(Figure 6a) and the abrupt onset of an intermediate
morphology (asymmetrical holes, correlated undula-
tions, Figures 3-5) below 55 nm, we review briefly the
factors influencing dewetting in our system. A nonwet-
ting film is indicated by a negative spreading coefficient,
S ) γSO - γSL - γ, where γSO, γSL, and γ are the Si-air,
Si-PS, and PS-air interfacial free energies, respec-
tively.19-21 Under these conditions, heterogeneities such
as particles or voids30 can nucleate randomly dispersed,
symmetrical holes that grow and impinge upon one
another to ultimately produce polygonal patterns. Shar-
ma and Reiter report a value of S ) -8.1 mJ/m2 for the
long-range (van der Waals) contributions that dominate
molecular interactions in the Si/SiOx/PS/air system.26,31

Previous experimental studies have observed heteroge-
neous nucleation of holes for this same film-substrate
system.23,24,30

Amplification of capillary fluctuations in the film
surface is a second possible mechanism of film rupture
in our system. Linearized capillary instability theory
(LCIT)21,32 predicts film instability when attractive long-
range (i.e., van der Waals) interactions exist between
the film and the substrate. Attractive long-range inter-
actions are indicated by negative values of the effective
Hamaker constant, A, where the dispersive film-
substrate free energy of interaction is G(h) ) A/(12πh2).
Under these conditions capillary undulations greater
than a critical wavelength are amplified by the negative
disjoining pressure (-∂G/∂h), leading to film rupture and
spatially correlated dewetted structures. Table 1 pre-
sents effective A values from three previous studies of
the Si/SiOx/PS/air system that report evidence of capil-
lary instability, using the definition of G(h) given above.
The difficulty in obtaining values of the substrate
Hamaker constant can lead to a disparity in both the
sign and magnitude in A, a subject discussed in detail
elsewhere.26,31,33 For example, the work reporting A >
0 in Table 1 appears to use typical metal oxide Hamaker
constant values as an estimate for Si. The works
reporting A < 0 calculate A by first relating it to S, a
quantity available for a wider range of substrates.
Despite challenges inherent to calculating A, extensive
experimental evidence of capillary instability for the Si/
SiOx/PS/air system has been reported.20,22-24,34

However, for capillary instability to occur at an
observable rate, the thickness must be less than an

Figure 5. Radially averaged power spectrum of 2D Fourier
transforms of AFM images (AFM images in inset) for film
surfaces from library B at (a) h ) 71 nm, typical of h > 57
nm, indicating a smooth surface and (b) h ) 36 nm, typical of
(33 < h < 57) nm, indicating a correlated spacing of qmax )
1.5 µm-1, or 1/qmax ) 6.6 µm. The temperature region on library
B where the images were taken was T ) 124 ( 1 °C.

Ad ) Ad∞ + (Ad0 - Ad∞) exp (-(t - t0)/τ) (1)
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onset thickness, ho, so that the rate of growth of
undulations to film rupture competes with other rupture
mechanisms (e.g., heterogeneous nucleation).
Theory21,31,32 and experiment20,22-24,34 indicate that ho
is less than an upper limit of ≈100 nm. For example,
experiments on Mw ) 4000 g/mol PS at 120 °C indicate

ho ≈ 12 nm.24 However, previous experimental studies
have not reported precise measurements of ho or its
dependence on molecular mass for polymer films. Once
film thickness is below ho, drainage from heteroge-
neously nucleated holes competes with growth of capil-
lary undulations as film thinning proceeds, giving rise
to the crossover regime. Consider that τh, the time
constant for drainage of heterogeneously nucleated
holes, scales as τh ∼ η/h3 and that the time constant for
growth of the fastest capillary undulation wavelength
scales as τc ∼ ηh5.21,31,32 Hence, as h is decreased below
ho, a critical thickness, hc, is reached where capillary
fluctuations grow faster than heterogeneous dewetting.
Only at thicknesses below hc, where τc < τh, will film
rupture occur solely by capillary instability, resulting
in correlated hole positions.32,35

Figure 6. (a) Number of polygons per millimeter squared, Np, and polygon diameter, Dp (µm), versus thickness at Th ) 124 °C
and 20 nm < hh < 80 nm show scalings characteristic of both heterogeneous and capillary undulation-induced nucleation. (b)
Th-hh-t superposition of dewet area fraction data onto a universal curve, 92 < Th < 135 °C, 59 < hh < 86 nm. Inset: raw dewet area
fraction vs time, hh ) 79 nm. (c) Hole area growth velocities, vA, versus temperature. (d) ln(τh) vs 1/Th (K-1) for τh values from
fitting procedure for Figure 4b. ln(η) for bulk polystyrene is provided for comparison. The symbol sizes have been adjusted to
reflect the standard uncertainty for each measured value in Figure 6.

Table 1. Estimated Values of the Effective Hamaker
Constant, A, for the Si/SiOx/PS/Air System from Previous

Studies Reporting Evidence of Capillary Instability

Mw of PS (g/mol) A (×10-20 J)a reference

4000 -7.42 24
28 400 -0.76 31
22 000/39 000 10 23

a A values are based upon a surface free energy defined as G(h)
) A/(12πh2).
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The combinatorial libraries used here encompass a
large thickness range, 15 nm < hh < 90 nm, making it
possible to observe both heterogeneous nucleation (hh >
hho) and capillary instability nucleation (hh < hhc), as well
as a crossover regime between the two mechanisms (hhc
< hh < hho). In Figure 6a, values of Np and Dp are
relatively invariant for hh > 57 nm (55 ( 4 nm from all
five libraries), indicating uniformly distributed nucle-
ation sites expected for heterogeneous nucleation. Since
the entire sample was exposed to the same cleaning
procedure and airborne particulates, the density of
heterogeneously nucleated sites is expected to be uni-
form across the wafer. Because of the abrupt appearance
of correlated undulations on the surface of the unbroken
film (Figures 4e,f and 5) below hho, we propose that hho )
55 ( 4 nm indicates the onset of capillary instability.
We interpret the transition to a scaling regime consis-
tent with capillary instability, e.g., polygon density (Np
∼ hh-4) and diameter (Dp ∼ hh2) in Figure 6a, as indicative
that hhc ≈ 33 nm.

We note that voids present in all polymer films
prepared in air can also nucleate dewetting in addition
to the two forms of nucleation discussed above. Void
nucleation was observed in high molecular mass PS
films on Si/octadecyltrisilane substrates30 and was
indicated by a scaling of Np ∼ exp(-hh). This exponential
function fits the data in our Figure 6a only slightly less
satisfactorily than Np ∼ hh-4. Because of the standard
uncertainty in the Np vs h data, the scaling of Np or Dp
with h is not sufficient to distinguish between capillary
instability and void nucleation. Void nucleation may
occur to some extent in our films; however, there are
three reasons why we attribute the dominant nucleation
mechanism for hhc < 33 nm to capillary instability. First,
the transition to Np vs hh-4 scaling occurs rather abruptly
at 33 nm on our libraries. For uniformly distributed
bubbles, the void nucleation model does not account for
an abrupt change in the Np vs h dependence. LCIT does
provide a physical reason why capillary instability
growth rates abruptly overcome growth of heteroge-
neously nucleated holes below a critical thickness,
discussed above. Second, we observe correlated undula-
tions in the early stage of film breakup (Figure 5b),
which is not observed or predicted for void nucleation.30

Finally, we compared the polygon and hole center
distributions for hhc < 33 nm and hho > 55 nm to check
for the presence of correlated nucleation sites, as
predicted by LCIT. For hh < 33 nm, center distributions
are correlated as indicated in Figure 7b, which is
contrasted with the random hole distribution (Figure
7a) observed for hh > 55 nm.

The crossover regime 33 nm < hh < 57 nm corresponds
to optical (Figure 4b,e) and AFM images (Figure 5b),
indicating an intermediate morphology of both asym-
metrical holes and patterned thickness undulations.
These early stage surface undulations closely resemble
structures observed in previous, noncombinatorial stud-
ies reporting capillary instability, particularly those
reported by Green et al.20,24,29 A similar structure
involving both heterogeneously nucleated holes and an
unbroken spinodal background pattern has been ob-
served for uniform liquid crystal thin films at hh )
36 nm (Figure 2A of ref 41). The significant difference
between dewetting velocities for hh ) 33 nm and hh ) 86,
79, and 71 nm, as shown in Figure 6d, indicates that
correlated undulations in film thickness evidently dis-
tort and slow the growth process of heterogeneously

nucleated holes. This crossover regime between hetero-
geneous nucleation and capillary instability32,35 is ob-
served in a straightforward manner with the use of
thickness gradient sample libraries.

For PS with Mr ) 1800, we observe the onset of
capillary instability at ho ) 55 nm. A previous noncom-
binatorial study of the Si/SiOx/PS/air system examined
four thicknesses, 4.5, 7.5, 12.5, 15, and 35 nm, and
reported capillary instability for 12.5 nm and lower
sample thicknesses.24 Because of the small sample set,
the precise value of the onset thickness was not located

Figure 7. Point set distributions and 2D Fourier transforms
(inset) for (a) randomly distributed hole centers at hh ) 79 nm
and T ) 85 °C, typical of hh > 55 nm and (b) polygon centers
for hh ) 31 nm and T ) 123 °C. The image and 2D Fourier
transform in (b) show a correlated spacing of nucleation sites
expected for capillary instability nucleation, typical of hh < 33
nm.
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but is assumed to be between 12.5 and 35 nm. In fact,
Figure 8 presents AFM images from this previous
study24 that show a distorted hole morphology and
surface undulations similar to that observed here in the
crossover thickness regime between heterogeneous and
capillary instability nucleation. We suspect that the
previous work observed a slightly lower onset thickness
primarily because the PS had a higher Mr of 4000.
Qualitatively, a higher Mr leads to an increase in
viscosity that will require a higher disjoining pressure
(Π ) A/(6πh3), or lower thickness, to induce an observ-
able capillary instability.32,35 In addition, this previous

work used Si wafers from another supplier and slightly
different cleaning conditions, which could induce quan-
titative differences in ho through modifications in the
Hamaker constant. For example, employing a different
lot of Si wafers (Polishing Corporation of America) than
those used in this paper, we observe the onset of
capillary instability at ho ) 65 nm for Mr ) 1800. A
comprehensive investigation of the factors affecting ho
is beyond the scope of this paper, but we note that it is
an ideal topic for a future investigation by the combi-
natorial approach as we have described in this study.

Interpreting Temperature Dependence. A physi-
cal interpretation of the T, h superposition for hh >
55 nm (Figure 6b) is challenging given the sparsity of
work on the temperature dependence of dewetting rates.
Brochard-Wyart21 presents a model of capillary and
viscous forces that predicts the isolated hole growth
velocity varies as V ∼ γθ3/ηfilm, where θ is the equilib-
rium contact angle and ηfilm is the film viscosity. Since
τh ∼ 1/V, then τh ∼ ηfilm and both τh and ηfilm should
have a similar T dependence. Although measurements
of ηfilm are not available for our system, measurements
of the bulk viscosity, η, of PS used in our study are
available. Figure 6d presents a plot of ln(τh) and ln(η)
versus 1/Th . Although there is some scatter in the fitted
τh parameters, the plots indicate a monotonic increase
of τh with 1/T. The slopes of lines fitted through the data
in Figure 6d can be treated as activation energies,38 i.e.,
ln(η) ) a + ∆εη/kT and ln(τh) ) b + ∆ετ/kT. Since Figure
6d compares thin film (τh) and bulk (η) properties, we
do not expect the slopes to agree quantitatively. How-
ever, ln(τh) and ln(η) both follow approximately a 1/T
dependence, and the slopes are of the same order of
magnitude. The slopes through the ln(τh) data do not
vary appreciably with thickness and yield an average
∆ετ/k of 11 800 K, whereas the bulk viscosity data yields
∆εη/k ) 34 500 K. Discrepancies between these activa-
tion energies may reflect differences in the viscosity of
bulk and thin-film PS, a subject beyond the scope of this
work but discussed elsewhere.39,40 Tentatively, a smaller
activation energy (∆ετ) for the thin films is consistent
with a lower viscosity and glass transition temperature
(Tg) than in the bulk, although these values were not
measured here. Previous experiments have reported
evidence of a decrease in Tg for PS thin films on Si/SiOx
relative to the bulk.40,42

Conclusions

By using a novel combinatorial technique to prepare
libraries in which the temperature and thickness are
varied systematically and continuously, we have mea-
sured the temperature-thickness-time dependence of
dewetting structures and kinetics. The covered range
included thicknesses of 16 < hh < 90 nm and tempera-
tures of 85 < Th < 135 °C in two experiments that can
be performed in 1 day (although subsequent control
experiments were performed also). To validate the
approach, the thickness range was chosen to allow
observation of dewetting regimes reported in previous
noncombinatorial work. Given the known sensitivity of
polymer-substrate interactions to even minor differ-
ences in cleaning procedures and substrate composition,
the quantitative comparisons to previous noncombina-
torial work are remarkable. It is evident that the wide
range of structures observed on the libraries are a
superset encompassing those observed individually in
previous work (using uniform samples) over similar

Figure 8. AFM images from a previous study24 of dewetting
on the Si/SiOx/PS/air system using uniform samples. (a) h )
15 nm, t ) 12 h, T ) 115 °C, image size ) 32 µm × 25 µm.
Distorted holes are observed, similar to Figure 4b,e of this
work. (b) h ) 12.5 nm, t ) 5.5 h, T ) 115 °C, image size ) 10
µm × 10 µm. The undulations in surface thickness are similar
to those observed in the crossover thickness regime of this
work shown in the inset to Figure 5b. We gratefully acknowl-
edge Riu Xie for providing the AFM images.
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thickness ranges.20,22-24,29,30,34,41 It is important to es-
tablish this validation comparison to uniform samples
because we have treated the local Th and hh values as
constants over the image analysis area.

The method presented here is unique in its ability to
rapidly identify fundamental trends in film stability,
nucleation mechanisms, and dewetting kinetics over a
wide range of parameter space. The combinatorial
method is a technique that can be used for rapid
parametric variation early in a scientific study and to
guide parameter selection (e.g., T, h, Mr) for conven-
tional one-sample for one-measurement experiments. In
addition, the use of high-throughput measurements
covering broad regimes of parameter space may lead to
the discovery of novel regions of phase space for thin-
film phenomena.18

For the Si/SiOx/PS/air system investigated here, three
distinct structural regimes were observed on the com-
binatorial libraries. At thicknesses above ho > 55 nm,
holes are nucleated heterogeneously. The appearance
of correlated undulations and an intermediate morphol-
ogy below hho ) 55 nm is interpreted as the onset of
capillary instability. In this crossover regime, 33 nm <
hh < 55 nm, growth of capillary fluctuations competes
with heterogeneously nucleated holes. Below hhc <
33 nm, nucleation occurs solely by capillary instability.
Libraries with continuous thickness variations allow a
convenient determination of the location of the hetero-
geneous to capillary instability kinetic crossover regime.
In addition, a superposition of the growth kinetics of
nucleated holes for a wide range of T and h values,
previously unreported, was observed.
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